Recent soil and crop management technologies have potential for mitigating greenhouse gas emissions; however, these management strategies must be profi table if they are to be adopted by producers. Th e economic feasibility of reducing net greenhouse gas emissions in irrigated cropping systems was evaluated for 5 yr on a Fort Collins clay loam soil (a fi ne-loamy, mixed, superactive, mesic Aridic Haplustalf ). Cropping systems included conventional tillage continuous corn (Zea mays L.) (CT-CC), no-till continuous corn (NT-CC), and no-till corn-bean (NT-CB) including 1 yr soybean [Glycine max (L.) Merr.] and 1 yr dry bean (Phaseolus vulgaris L.). Th e study included six N fertilization rates ranging from 0 to 246 kg ha −1 . Results showed highest average net returns for NT-CB, exceeding net returns for NT-CC and CT-CC by US$182 and US$228 ha −1 , respectively, at economically optimum N fertilizer rates. Net global warming potential (GWP) generally increased with increasing N fertilizer rate with the exception of NT-CC, where net GWP initially declined and then increased at higher N rates. Combining economic and net GWP measurements showed that producers have an economic incentive to switch from CT-CC to NT-CB, increasing annual average net returns by US$228 ha −1 while reducing annual net GWP by 929 kg CO 2 equivalents ha −1 . Th e greatest GWP reductions (1463 kg CO 2 equivalents ha −1 ) could be achieved by switching from CT-CC to NT-CC while also increasing net returns, but the presence of a more profi table NT-CB alternative means NT-CC is unlikely to be chosen without additional economic incentives.
Greenhouse Gas Mitigation Economics for Irrigated Cropping Systems in Northeastern Colorado Soil Carbon Sequestration & Greenhouse Gas Mitigation
A griculture has an important strategic role to play in helping to off set fossil fuel emissions because management changes can be rapidly implemented relative to other C capture technologies (Post et al., 2004) . No-till cropping systems have been promoted as a method for agricultural lands to off set the GWP of emissions of greenhouse gases (GHGs) by reducing CO 2 emission relative to CT while maintaining inputs of C into the soil, resulting in a higher net amount of C stored in the soil and reducing net greenhouse gas emissions (Cole et al., 1997; West and Marland, 2002; Lal, 2004b) . Th is is particularly important in locations where the use of intensive tillage has been widespread. Farmers in the South Platte River Valley of northeastern Colorado who irrigate use intensive tillage, primarily moldboard plow, to manage the large quantity of crop residues produced each year. Conversion of these systems from CT to NT could increase C storage in soils, reducing CO 2 and net greenhouse gas emissions (Entry et al., 2002; Mosier et al., 2006; Halvorson et al., 2009) ; however, producers are unlikely to make the conversion to NT systems unless they are profi table. While many studies have evaluated the economic viability of NT systems (see Fox et al. [1991] and Manley et al. [2005] for reviews), there have been relatively few on irrigated lands (Wiese et al., 1998; Tew et al., 1986; Cahoon et al., 1999; Smart and Bradford, 1999; Archer et al., 2008) , and none of the studies on irrigated lands have linked the economic performance of these systems with their impacts on GHG emissions.
Most C sequestration economic analyses have been conducted at a large scale and have relied on simulation modeling to quantify GHG eff ects (Antle et al., 2001; Schneider and McCarl, 2003; Feng et al., 2004) . A common assumption in these analyses is that agricultural producers are currently using management practices that are expected to maximize economic returns. Inherent in this assumption is that any change in agricultural practices necessary to reduce GHG emissions will reduce economic returns, and thus economic incentives will be needed to induce producers to reduce GHG emissions. Th is ignores the possibility for "win-win" situations where changes in production practices may increase economic returns while reducing GHG emissions. Situations where producers might not adopt the most profi table practice can occur where experience with the practice is limited, where there is uncertainty about the viability of the practice, or where there are adjustment costs that serve as a barrier to adoption of the practice even if it would be more profi table in the long run.
Th ese large-scale analyses also include a limited range of production alternatives. Economic optimum N fertilizer rates have been observed to diff er among tillage systems (Stecker et al., 1995; Kwaw-Mensah and Al Kaisi, 2006) . In irrigated corn production, Sims et al. (1998) reported that increasing N fertilizer levels minimized potential yield reductions with NT corn production. While N fertilizer may be needed to maintain yields, it may also increase production costs for NT systems, reducing the profi tability of these systems compared with CT systems. Higher N fertilizer rates may also be associated with higher N 2 O emissions, which play a large role in the net GWP (Robertson et al., 2000; Mosier et al., 2006; Halvorson et al., 2008) . In addition, tillage may also infl uence N 2 O emissions through impacts on denitrifi cation rates (Rochette et al., 2008) . Only by including tillage system and N fertilizer rate interactions is it possible to accurately assess the economic and GHG impacts of tillage system decisions.
Th e objective of this study was to determine the economic feasibility of reducing net GHG emissions in irrigated crop production systems in northeastern Colorado and quantify any economic incentives that may be necessary to make GHG reductions profi table. Our hypothesis was that NT can simultaneously increase economic returns and reduce GHG emissions relative to CT. Because farmers' use of NT in irrigated systems in this region is extremely limited, we relied on information collected in a fi eld study. Th is also allowed the explicit inclusion of tillage system × N fertilizer rate interactions in the analysis.
MATERIALS AND METHODS

Field Study
Th is fi eld study was initiated in 1999 at the Agricultural Research Development and Education Center (ARDEC) (40°39′6″ N, 104°59′57″ W, 1535 m above sea level) near Fort Collins, CO. Details on the fi eld study design have been published previously Archer et al., 2008) and will be briefl y summarized here. Th e study was conducted on a Fort Collins clay loam soil with a 1 to 2% slope, and the study site had been continuously cropped to corn for 6 yr using CT before initiating the study. Th e treatments included three tillage-crop rotation systems (CT-CC, NT-CC, and NT-CB). For NT-CB, corn was grown in 2002, 2004, and 2006 , soybean was grown in 2003, and dry bean was grown in 2005. Th e experimental design was a split-plot, randomized complete block with tillage-rotation main plots and N rate as subplots. Th ere were four replications for the CT treatments and three replications for the NT treatments. In 2002, six N rates (referred to as N1-N6) were applied in the NT systems, with treatments N1, N3, N5, and N6 applied in the CT system. All six N treatments were applied to all systems in 2003 to 2006 (Table 1 ). In corn, the N rates were 0, 34, 67, 101, 134, and 202 kg N ha −1 for treatments N1 to N6, respectively. Th e N6 rate was increased to 224 kg N ha −1 in 2003 and 2004, and to 246 kg N ha −1 in 2005 and 2006 . Th e N rates applied to soybean and dry bean were 0, 11, 22, 34, 45, 56 kg N ha −1 for N1 to N6, respectively (Table 1) . While the N needs of legume crops may be partially met through symbiotic fi xation of N 2 from the air, additional N may be needed. Nitrogen fertilizer was applied to soybean and dry bean to determine the yield response of these crops to applied N. Th e N source was urea-NH 4 NO 3 (UAN, 32-0-0), which was applied with a liquid fertilizer applicator that banded the N about 5 cm below the soil surface in bands spaced 33 cm apart the day before planting. In 2005, one-half of the N was preplant applied as UAN to the CT-CC and NT-CC systems, with the other half of the N broadcast applied 42 d aft er planting as a polymercoated urea (ESN, Agrium Advance Technologies, Sylacauga, AL; 44-0-0). A split N application was used in 2006 for all cropping systems, with one-half of the N surface band applied near the corn row 21 d aft er planting as ESN and the other half of the N surface band applied near the corn row as dry granular urea 48 d aft er planting.
Th e following sequence of operations was used in the CT system to prepare a seedbed for the next year's corn crop: in the fall, shredding of corn stalks was followed by tandem disking and then moldboard plowing to a depth of 25 to 30 cm; in the spring, roller harrowing (two operations) and land planing (two operations) were followed by cultivation, if needed, with a light-duty cultivator to reduce the potential for wind erosion. In the CT system, herbicides were applied to control weeds during the growing season, with no mechanical cultivation for weed control. In the NT system, corn and bean were directly planted into the previous year's stubble each spring without any other fi eld operations for seedbed preparation, followed by application of herbicides for weed control, and then harvest. Greenhouse gas fl ux measurements were taken at the site beginning in 2002 , thus the focus of our analysis was on the 2002 to 2006 time period.
Economic Analysis
Annual costs and returns for each tillage-rotation system were estimated using the cost and returns estimator (CARE) (NRCS, 1993) based on the operations and inputs used in the fi eld study each year, but using fi xed input and crop prices. Fixed prices were used to isolate production-related eff ects from market eff ects. Machinery costs were from the University of Minnesota Extension Service (Lazarus, 2008) . Labor costs were assumed to be at a rate of US$12.00 h −1 . Irrigation costs were from the University of Nebraska Extension Service (Selley et al., 2006) . Herbicide prices were from the North Dakota State University Extension Service (Zollinger, 2008) . Fertilizer, fuel, and crop prices were from National Agricultural Statistics Service (2008, 2009 ). Diesel fuel cost was US$0.68 L −1 , N fertilizer cost was US$1.13 kg −1 , and corn, soybean, and dry bean prices were US$157.47, US$389.48, and US$623.91 Mg −1 , respectively. No land or management costs were included in the production costs, so net returns represent returns to land and management. Statistical analysis of tillage-rotation system and N treatment eff ects on net returns were analyzed using the Mixed procedure of SAS (SAS Institute, 2006) . System and N treatment and their interactions were included as fi xed eff ects, while replications, years, and interactions of replications and years with system and N treatment were included as random eff ects.
Following Archer et al. (2008) , a logistic function was used to estimate the yield response to N:
where Y t is grain yield in the tth year, N t is applied N fertilizer, A t is the asymptotic maximum yield, b t is a location parameter (that shift s the yield function but does not change its shape), and k t is a shape parameter. Parameter estimates were obtained using nonlinear regression with SAS soft ware (SAS Institute, 2006) . Regression results were used to determine the net return response to applied N and facilitated comparison of net returns at economic optimum N rates.
Economics-Greenhouse Gas Tradeoffs
Th e economic consequences for achieving GHG emission reductions were analyzed by combining the enterprise budget data with the net GWP calculated as in Mosier et al. (2006) . To be consistent with Mosier et al. (2006) , we report GWP as CO 2 equivalents, using direct GWPs of 1 kg CH 4 ha −1 = 23 kg CO 2 ha −1 and 1 kg N 2 O ha −1 = 296 kg CO 2 ha −1 (Intergovernmental Panel on Climate Change, 2001) . Th e net GWP was calculated as the sum of CO 2 equivalents from irrigation, farm operations, N fertilizer production, N 2 O soil-atmosphere exchange, and CH 4 soil-atmosphere exchange, minus the annual increase in SOC. Although the soil-atmosphere exchange of CO 2 was also measured at the site, the calculation of the net CO 2 balance would also need to include estimates of C taken up by plants and returned to the soil. Alternatively, measurement of the change in SOC provides a direct estimate of the net C balance and is the typical way in which net CO 2 exchange is estimated (Robertson et al., 2000) . We used the change in SOC to estimate net CO 2 exchange in this analysis. Irrigation CO 2 equivalents were calculated based on the annual amount of water applied to each treatment, using a factor of 182.2 kg CO 2 equivalents m −1 ha −1 water . Th e GWP contribution from farm operations was calculated based on the estimated fuel use for each fi eld operation, the actual pesticide and fertilizer use, and GWP emission factors from West and Marland (2002) and Lal (2004a) . Th e GWP from N fertilizer production was based on the quantity of fertilizer applied and an emission factor of 3.14 kg CO 2 kg −1 N (West and Marland, 2002) .
We utilized published values for soil-atmosphere exchange of CH 4 and N 2 O from the study site Halvorson et al., 2008; Alluvione et al., 2009) . Th ese values were based on measurements that were made using vented rectangular chambers. Measurements were made one to three times per week, year-round. Details on the measurement methods may be found in Th e annual increase in SOC was determined by linear regression of SOC (0-30.4-cm depth) between 1999 and 2007 for each tillagerotation system, with separate N rate regressions included only for signifi cant N eff ects (P < 0.05). Greenhouse gas fl uxes for all 5 yr were measured only for the N1, N5, and N6 treatments in CT-CC and NT-CC, and for the N1 and N6 treatments in the NT-CB system, so direct economic and GWP results are reported for these discrete fertilizer treatments; however, SOC measurements were taken for all N rate treatments. Also, in 2005 and 2006, GHG fl uxes were measured for N3 in the CT-CC and NT-CC systems. Net return vs. GWP tradeoff curves were estimated using linear interpolation of GWP between all N treatments where GHG fl ux or SOC measurements were taken (N1-N6) and combining the results with the nonlinear regression estimates of net return response to applied N fertilizer. Th is provides a tradeoff map between net returns and net GWP as related to N fertilizer rate rather than discrete fertilizer treatments.
RESULTS AND DISCUSSION
Economics
Net returns generally increased with increasing N rate, with the exception of CT-CC, where net return was highest at the N5 rate ( Fig. 1; Table 2 ). System, N treatment, and system × N treatment interaction were all signifi cant (P < 0.0004). Th e highest average net returns were observed with the NT-CB-N6 treatment, which exceeded the most profi table NT-CC (N6) and CT-CC (N5) treatments by US$237 and US$267 ha −1 , respectively. Th e net return advantage of NT-CB-N6 compared with NT-CC-N6 was due to a cost savings of US$119 ha −1 and an increase in gross returns of US$118 ha −1 . Cost savings were primarily due to reduced N fertilizer use in the soybean and dry bean phases of the rotation. Th e increase in gross returns was due to an increase in corn yield, particularly in 2004 (Fig. 2) , and the high value of dry bean, which was grown in 2005. Th e increase in net returns occurred despite low net returns from soybean production in 2003 (Fig. 1) . Th e net return advantage of NT-CB-N6 compared with CT-CC-N5 was due primarily to a cost savings of US$231 ha −1 , with a relatively small increase in gross returns of US$36 ha −1 . Th e net returns for NT-CC-N6 were not signifi cantly diff erent from CT-CC-N5 with cost savings of US$112 ha −1 under NT off set by a yield reduction of 1.0 Mg ha −1 (Table 2) .
Nonlinear regression results showed that the logistic function fi t the corn yield response to N rates quite well, with R 2 values ranging from 0.81 to 0.97 (Table 3 ; Fig.  2) . Th e R 2 value was lower for dry bean yield (NT-CB 2005) at 0.42, but still fi t the data reasonably well (Fig. 3) . Soybean yield (NT-CB 2003) showed no response to applied N (Fig. 3) . Th e corn yield response functions were used to graph the 2002 to 2006 average net returns as a function of corn N fertilizer rate (Fig. 4) . For NT-CB, the average net returns were calculated as a function of the corn N fertilizer rate, holding the soybean and dry bean N rates fi xed at the levels that maximized net returns in the 2 yr that soybean (2003) and dry bean (2005) were grown. Th e N rates that maximized net returns in these 2 yr were 0 and 17 kg ha −1 for soybean and dry bean, respectively.
Th e average net returns for NT-CB exceeded the net returns for the other two systems across the entire range of corn N rates. Th e average net returns for NT-CC exceeded the net returns for CT-CC for N rates above 159 kg ha −1 . Th e economic optimum N rate was 146 kg N ha −1 for CT-CC, which was lower than for NT-CC. Th e optimum N rate for NT-CC was somewhere above 224 kg N ha −1 (regression estimates showed 248 kg N ha −1 ), which was the motivation for increasing the maximum application rate to 246 kg N ha −1 in 2005 and 2006 . Th e average net 113 † CT, conventional tillage; NT, no-till; CC, continuous corn; CB, corn-bean rotation; N1, 0 N applied; N5, 134 kg N ha −1 applied, N6: high N treatment (rate varied by year and crop). ‡ A negative number indicates that the system is removing CO 2 from the atmosphere and a positive number indicates that the system is emitting CO 2 to the atmosphere.
returns for NT-CC at 224 kg N ha −1 were US$372 ha −1 compared with average net returns for CT-CC of US$326 ha −1 at the economic optimum N rate. Th e economic optimum corn N rate for NT-CB was between the optimum rates for the other two systems, at 184 kg N ha −1 with optimum average net returns of US$554 ha −1 .
Net Global Warming Potential
Net GWP was positive (net emission of CO 2 to the atmosphere) and increased with increasing N rate for CT-CC (Table 2) . While SOC increased under CT-CC at a rate of 150 kg CO 2 ha −1 yr −1 for all N rates, the off set was less than one-third of the emissions associated with farm operations. For all tillage-rotation systems at the N5 and N6 fertilizer levels, the largest GHG emissions were from N 2 O, with emissions from N fertilizer production generally the next largest source of GHG emissions. Under NT-CC, however, SOC storage was also highest for the N5 and N6 fertilizer levels, resulting in a negative net GWP for NT-CC-N5 (net removal of CO 2 from the atmosphere), and a small positive net GWP of 210 kg CO 2 ha −1 for NT-CC-N6. For the NT-CB system, SOC storage was higher than under CT-CC but did not increase with N rate. As a result, the net GWP for NT-CB was 33 and 983 kg CO 2 equivalents ha −1 yr −1 for the N1 and N6 treatments, respectively.
Economics-Greenhouse Gas Tradeoffs
Comparing net returns and net GWP for each treatment shows some opportunities for management decisions to reduce GHG emissions while increasing profi tability (Fig. 5) . Note that the tradeoff curves are curvilinear as a result of the logistic response of yield to applied N. Within the CT-CC system, excessive N application decreased profi tability while increasing the net GWP (Table 2 ; Fig. 5 ). For a producer currently using CT-CC, profi tability could be further increased and net GWP further reduced by switching to NT-CB. Comparing values at the optimum economic N rates, at the point of maximum net return for each tillage-crop rotation system (Fig. 5) , switching from CT-CC to NT-CB would increase annual net returns by US$228 ha −1 and reduce annual net GWP by 929 kg CO 2 equivalents ha −1 : a net benefi t to the producer of US$246 Mg −1 CO 2 equivalents reduced. For comparison, consider the net benefi ts for this production change compared with the 9 Feb. 2009 Chicago Climate Exchange (CCX) CO 2 values of US$2.05 Mg −1 CO 2 for 2009 and a futures price of US$11.75 Mg −1 CO 2 for December 2013 (Chicago Climate Exchange, 2009 ). Th is comparison shows that the existing economic incentive for changing production systems far exceeds additional economic incentives tied to currently traded values for CO 2 reductions.
Further reductions in the net GWP could result in reductions in profi tability either by reducing N rates within NT-CB or by switching to NT-CC, where net returns would still be higher than under CT-CC. Again comparing values at optimum N rates, switching from CT-CC to NT-CC would increase annual net returns by US$46 ha −1 and reduce annual net GWP by 1463 kg CO 2 equivalents ha −1 , a net benefi t to the producer of US$32 Mg −1 CO 2 equivalents reduced. Switching from NT-CB to NT-CC, however, would decrease the annual net returns by US$182 ha −1 while decreasing the annual net GWP by 534 kg CO 2 equivalents ha −1 , a net cost to the producer of US$341 Mg −1 CO 2 equivalents reduced. In other words, it would take a C credit value of US$341 Mg −1 CO 2 equivalent for NT-CC to break even with NT-CB. In this case, the existing economic incentive against changing production systems far exceeds any incentive that might be tied to currently traded values for CO 2 reductions. Note that the NT-CC tradeoff curve shows a turning point with minimum GWP at −828 kg CO 2 equivalents ha −1 and a net return of US$87 ha −1 . Th is turning point occurs as a result of signifi cant diff erences in annual increases in SOC for N1 vs. N3 through N6 (data not shown).
All of these comparisons were made on a per unit land area basis. If reductions in net GWP result in reductions in productivity, however, it is possible that increased land area may be needed to meet grain demands. Mosier et al. (2006) calculated greenhouse gas intensity (GHGI) to account for this eff ect, dividing the net GWP by the grain yield. Th e GHGI for each treatment is shown in Table 2 . Using GHGI instead of GWP does not change the general result that GHG emissions could be reduced while maintaining or increasing profi tability by not applying excessive amounts of N under CT-CC or by switching from CT-CC to NT. Th is is the case despite lower total grain production under NT. Two caveats should be noted in calculating GHGI in this manner. First, this method gives equal value on a per unit mass basis to all crops. While the NT-CB system had lower productivity than the other systems, corn productivity was actually higher in this system and assigning equal values on a per unit mass basis to soybean and dry bean probably does not refl ect the substitutions that would occur among crops.
Second, calculating GHGI in this manner essentially assumes that production reductions could be off set by utilizing more land with the same cropping history and productivity. Th at is, if switching from CT-CC to NT-CC reduces corn production by 10%, then it would require 1.1 ha of NT-CC to produce the same amount of corn as 1 ha of CT-CC, and GHG emissions would be the same as converting 1.1 ha of CT-CC to 1.1 ha of NT-CC. In reality, the additional land would probably come from some other use with diff erent productivity. Th us, a diff erent quantity of land may be needed to make up for production reductions, and the emissions resulting from conversion of this land may diff er from the emissions in converting from CT-CC to NT-CC. Th is could be a particularly important consideration if non-cropland is brought into production (West and Marland, 2003; Entry et al., 2002) . A complete accounting of GHG emission impacts of production changes would need to account for these indirect land use change eff ects. 
CONCLUSIONS
Nitrogen fertilizer management plays a key role in determining the net impact of irrigated cropping systems on GHG emissions and economic returns. At higher N fertilizer rates, N 2 O emissions and emissions associated with N fertilizer production were the largest components contributing to net GHG emissions regardless of the tillage-rotation system used. Nitrogen fertilizer is necessary to maintain crop productivity and economic viability, however, and for NT-CC was positively related to increases in SOC on land that was previously in CT. For producers currently using CT-CC production systems in northeastern Colorado, our results indicate that the net GWP may be decreased and the net returns improved by avoiding overapplication of N fertilizer. Further reductions in the GWP and increases in profi tability could be obtained by switching to a NT-CB system, with a net benefi t to the producer of US$228 ha −1 or US$246 Mg −1 CO 2 equivalents reduced. Th e greatest reductions in net GWP could be obtained by switching to NT-CC. Profi ts for this system were higher than for CT-CC; however, profi tability for this system was lower than for NT-CB, a reduction of US$182 ha −1 or US$341 Mg −1 CO 2 equivalents reduced. Based on these results, it appears that producers may already have economic incentives to adopt practices that reduce GHG emissions. Achieving the greatest reductions, however, would require substantial economic incentives.
